Elastic neutron-scattering measurements on two samples of Cu alloyed with 1.3% Mn and 0.55% Mn show that the spin-density-wave (SDW) features found in more concentrated alloys persist in the limit of very dilute alloys. These features consist of temperature-dependent incommensurate peaks in magnetic neutron scattering, with positions and strengths which are fully consistent with those in the concentrated alloys. The implications of these measurements are twofold. First, it is clear from our data that SDW magnetic ordering occurs across the entire range of CuMn alloys which have typically been interpreted as spin glasses.
INTRODUCTION
In condensed-matter physics, structural measurements can be considered fundamental in that all theories and experiments must be consistent with the structural data. For magnetic materials, the most powerful structural probe available is neutron scattering. However, in the study of CuMn spin-glasses, crucial neutron scattering results1 were obtained rather late in the development of the field2 and thus their impact has been limited. This situation has arisen because of the relative weakness of the scattering associated with spin ordering, and also because the interpretation of the neutron data has evolved slowly over the past decade, aided, to a significant degree, by new theoretical de~eloprnents.~~~ In this paper we discuss a Cu -0.55% Mn crystal which represents a probable limit in the composition which is accessible with current neutron scattering sources and techniques. The current data, together with earlier measurements on more concentrated alloys, bracket the range of compositions which has formed the subject of intensive spin-glass studies.
The neutron data form a picture which is rather at odds with the standard view' of the nature of a spin glass. Taken as a whole, the scattering measurements suggest that the most straightforward interpretation of CuMn alloys is that of a spin-density-wave (SDW) antiferromagnet (AFM). In the SDW picture, the spins of the valence electrons are polarized antiferromagnetically, with a wave vector which is incommensurate with the reciprocal lattice.6 This is in contrast to the case of an ordinary AFM, where the magnetic lattice is commensurate with the structural lattice. As discussed below, the incommensurate nature of the SDW is due to its origin as a Fermi-surface effect. Although the SDW arises due to the properties of the copper-valence-electron gas, it results in the spin polarization of T
EXPERIMENTAL DETAILS
Our measurements were performed on samples prepared by standard methods in Leiden.
The first crystal, with a composition of Cu - 
RESULTS
Twenty-five years ago Krivoglaz7 and Moss' pointed out that Fermi-surface effects in the ordering of metallic alloys can be seen in x-ray scattering experiments. In this case, an enhancement in the solvent-solute potential V(q) c m occur for values of q which span the Fermi surface, that is, when q N 2 k F . If one draws a surface of radius 2 k~ about each of the reciprocal-lattice points of the solvent metal, the effect is accentuated at the crossings of adjacent surfaces. Such a feature in the potential results in solute ordering with this wave vector, which in turn leads to peaks in x-ray scattering at the Fermi-surface crossings generated by the construction described above. In CuMn, the observed AFM the manganese impurity ions which are more-or-less randomly situated within the copper matrix. Experimentally, the SDW is detected as a distinct neutron-scattering peak, with a scattering intensity proportional to the square of the manganese-ion concentration.
One would expect that SDW domain sizes would vary with sample preparation, and that consequently different neutron-scat tering measurements would reveal SDW peaks of varying widths. However the CuMn experiments have uniformly led to the observation of SDW peak widths corresponding to domains which are only ten FCC unit cells in extent. That is, the SDW does not develop into a state of long-range order. We believe that the solution to this puzzle reflects the intrinsic nature of antiferromagnetism in Cu alloys. It can be explained by SDW ordering which arises due to a peak in the wave-vector-dependent magnetic Susceptibility x(q). If the peak in x(q) is relatively weak and broad, the ordering of the Mn ions (detected by the neutron-scattering measurements) will be short-ranged, leading to peak widths which are broadened not due to sample preparation artifacts, but rather as a direct manifestation of the shape of ~( q ) .~ Thus the neutron-scattering data for dilute alloys serve as a probe of the wave-vector-dependent magnetic susceptibility of pure copper metal. . -neutron-scattering peaks occur at precisely such crossings (Fig. 1, left inset) , thus the first thing that one should note is that the peak positions are unambiguous indicators that the magnetic ordering is due to a Fermi-surface effect. In concentrated CuMn alloys the scattering intensities are high enough to allow a mapping of the intensities over the hkO plane.' For the dilute alloys discussed here, we discuss scans along lk0, as indicated in Fig.  1 . Fig. 1 shows that SDW peaks persist in CuMn alloys containing as little as 0.55% Mn. The solid curves in this figure were generated by fitting the measured data to three Gaussians plus a background. In addition, the central Gaussian for the 0.55% Mn sample was multiplied by a linear function, in order to duplicate the asymmetric shape of the measured peak. The right-hand inset of Fig. 1 shows that SDW peak positions follow those found in more concentrated alloys. The variation of peak position with Mn concentration is an important proof that the neutron scattering peaks are at Fermi-surface crossings: Mn acts as a donor impurity, thus k~ increases with Mn concentration and the crossings shift in position.
DISCLAIMER
The temperature dependence of individual SDW features in the two alloys is shown in Fig. 2 . The SDW peak intensities obtained by the fitting procedure are shown in Fig. 3 .
In addition, the intensity of the broad feature at k = 0.5 in Fig. 2 was fitted as a function of temperature, in order to generate a temperature-dependent background. Aside from the peak intensities found by fitting entire peak profiles, for the sample containing 1.3% Mn peak intensities a a single q-value were measured at additional temperatures and the background function was subtracted. These additional points are included in Fig. 3 .
If the macroscopic magnetic properties in CuMn arise from SDW ordering, then the SDW scattering intensity should act as an order parameter and drop to zero near the spinglass freezing temperature T f . Based on magnetic susceptibility measurements: 7 ' ' N 6.5 K at 0.55% Mn and Z ' t N 14 K at 1.3% Mn. However, Fig. 3 shows a slow drop-off in SDW peak intensities as a function of temperature. As discussed previously,'oJ1 this effect is explained as follows. Given the instrumental resolution function, in a quasielastic scattering measurement one integrates S(q,w) over a range of w on either side of w = 0. If the integrated inelastic scattering is relatively strong in comparison to S(q,O) and in addition has a weak temperature dependence, the measured quasielastic scattering can remain significant well above the N k l temperature. In CuMn, inelastic neutron-scattering measurements on more concentrated samples have shown that excitations with essentially vertical dispersion relations originate at the incommensurate SDW peak positions.12 Moreover, constant-q spectral-distribution scans show that our experimental resolution is such that significant elastic-scattering intensity can be measured at nominal energy shifts of up to 1.5 meV (Fig.  4) . These two observations make it quite feasible that in our setup one can measure significant scattering intensities well above T', even when the strictly elastic scattering S(q,O) is very small. The test for such a conjecture is to repeat the elastic scans as a function of temperature, after significantly increasing the spectrometer w resolution. Unfortunately, such test measurements are essentially impossible to perform on dilute CuMn samples, due to count-rate limitations. Nevertheless, it has been shown in more concentrated (15% Mnl' and 8% Mn'l) samples that increasing thew resolution produces a significantly sharper drop in quasielastic magnetic scattering intensities with increasing temperature. 
DISCUSSION
There are a number of details which are common to all of the neutron data taken to date. First, we note that intensities in magnetic scattering are governed by the form factor f(q) of the spin-polarized orbitals. Thus it has not been possible to detect any polarization of Cu conduction electrons, since their wavefunction is extended and has a form factor which approaches zero starting at very small values of q. Magnetism in the Mn ions, on the other hand, arises in the localized 3d orbitals, producing a form factor which falls off relatively slowly. Therefore, magnetic scattering in CuMn alloys serves as a probe of only the Mn spins. It is also clear that the magnetic component of the broad half-integer peak at k = 0.5 is ferromagnetic, since it coincides in position and width with an atomic-shortrange-order (ASRO) structural peak. (Magnetic peaks due to AFM ordering would occur at reciprocal lattice points corresponding to a unit cell larger than the structural unit cell.) In contrast, spin-polarized neutron scattering measurements showed that the incommensurate SDW peaks arise from AFM scattering and are unrelated to structural ordering.'
Another aspect common to all of the neutron data is the nearly linear relation between incommensurate peak position and Mn concentration which was noted above (Fig. 1 , right inset). The continuous shift in peak positions shows that the incommensurate peaks are manifestly characteristic of the alloy. That is, the concentration-dependence of the peak positions shows that they are not due to the formation of stable clusters or other chemical ordering phenomena. In that case, the SDW peak positions would asymptotically approach a value corresponding to the cluster, rather than directly following the magnitude of the alloy Fermi wavevector kF. This latter type of behavior is in fact found with the ferromagnetic peaks at the half-integer ASRO reciprocal-lattice points: as the Mn concentration is varied their intensities and widths vary, but not their positions. As a final note, it is also significant that the extrapolated value of the SDW incommensurability parameter 6 (Fig. 1) It has already been pointed out by Cable and Tsunoda15 that this model is inconsistent with the neutron data for dilute CuMn alloys.
Rather than explicitly working with an interaction potential which is written as a function of the Mn-Mn separation, Fajen and Vignale4 start with an interaction which takes place via conduction electron polarization:
where p ( q ) is the Fourier transform of the distribution of the L Mn moments in the system I and x(q) is the susceptibility of the alloy. G is an exchange constant discussed below; its independence from q corresponds to the case of localized Mn spins. Numerical calculations were carried out for Mn concentrations ranging from 0.1% to 5%, utilizing a spin-flipping process to arrive at ground states corresponding to different forms of x(q). As in the other models, AFM states were not found when the susceptibility corresponds to the usual RKKY form, that is, for monotonically decreasing x(q) (see Fig. 5 ). However, when a peak in x(q) is put in "by hand" at Q = 2 k~, the spin-flipping process resulted in AFM states at all of the concentrations studied. This result, in parallel with Overhauser's original considerations,6 provides strong evidence that ordered antiferromagnetism in CuMn alloys is stabilized by a peak in x(q) at 2 k~. In addition to the existence of an incommensurate AFM state, another result from Ref. 4 is that peak widths in the Fourier transform of the AFM spin structure follow the width of the peak in x(q). In other words, in this model the peak width measured in a neutron-scattering measurement serves as a direct probe of the width of the peak in x(q), an intrinsic property of the CuMn alloy.
In a SDW AFM model of CuMn, one begins by considering the ground state of pure copper. This could be a stable SDW state, but experimental verification of such a state is extremely difficult due to the vanishing form factor discussed above. 16 Next, consider the case where SDWs are stabilized by the dilute addition of magnetic ions. This is possible due to the energy gain which is obtained by aligning the solute ions with the local polarization of the SDW, via the s-d exchange between the 3d Mn electrons and the 4s copper conduction band. Apart from the neutron-scattering form factors discussed above, localization of the magnetic solute orbitals is necessary in order for the SDW phase to be stabilized, since an orbital which extends over an entire oscillation of a SDW has no preferred ~rientation.'~ Quantitatively, the interaction energy of a magnetic impurity and a SDW is ' K j = -G(Q)Sj.i&os(q -Rj), where G(g) is the exchange constant between isolated impurity spins Sj and a SDW with wavevector q and polarization i. Mn ions are located at Rj, and Po is the fractional polarization of conduction electrons in the SDW. 6 The spatial extension of the spins Sj enters through G(q). After adding the (positive) SDW excitation energy to X j , assuming complete alignment of the solute moments, and minimizing with respect to Po, the net energy change due to the SDW is where Np is the concentration of solute atoms, n is the electron density, and pg is the Bohr magneton. As in the simulations discussed above,4 Eq. 2 implies that an AFM spin state is stabilized by a peak in the susceptibility at non-zero q. In the original predictions of SDW instabilities by Overhauser: this peak consists of the singularity at 2 k~ which is obtained in Hartree-Fock theory of an electron gas with Coulomb interactions. If the electron-electron interaction is completely screened, the singularity and in fact the peak in x(q) vanishes (Fig.  5 ) . However, as shown by Fajen and V i~a l e ,~ a singularity in x(q) is not necessary: AFM ordering of magnetic solute atoms occurs when the susceptibilty contains a finite maximum at a non-zero value of q. The Fermi surface of copper is not spherical (Fig. 6 ) and its asymmetry leads the possibility of preferred directions for the formation of SDW domains. The neutron-scattering results show that favored directions lie near [110] , in a relatively flat region of the Fermi surface: Therefore, the value of 2 k~ along E1101 is the relevant one for CuMn. 
